High-density sodium bentonite combines a low permeability with a swelling behavior, which constitute two important qualities for engineered barriers in geological disposal of spent nuclear fuel. For example, the KBS-3V method developed in Sweden and Finland is planned to include compacted bentonite as the buffer material to embed canisters containing the spent nuclear fuel packages in deposition holes in deep crystalline bedrock. The partially saturated bentonite buffer will then swell as it takes up groundwater from the surrounding rock. It is important to quantify the water content evolution of the installed buffer to correctly predict the development of the swelling pressure and the prevailing conditions (thermal, mechanical, chemical and biological). This study aimed at quantifying the water content profile at the surface of a cylindrical bentonite parcel retrieved after in situ wetting in fractured crystalline bedrock. We demonstrate the possibility of using regression-kriging to quantitatively include spatial information from high-resolution photographs of the retrieved bentonite parcel, where more water saturated areas appear as relatively dark shades, along with bentonite samples, where detailed measurements of water content were performed. The resulting reconstruction is both exact regarding local sample measurements and successful to reproduce features such as intersecting rock fracture traces, visible in the photographs. This level of detail is a key step to gain a deeper understanding of the hydraulic behavior of compacted bentonite barriers in sparsely fractured rock. An improved scanning procedure could further increase the accuracy by reducing errors introduced by the geometrical transformations needed to unfold and stitch the different photographs into a single gray scale map of the bentonite surface. The application of this technique could provide more insights to ongoing and planned experiments with unsaturated bentonite buffers.
Introduction
Sodium bentonite is a clay with a high content of montmorillonite which grants it a swelling behavior in presence of water (Börges-son, 1985; Bucher and Müller-Vonmoos, 1989; Norrish, 1954) . This property and its low permeability make it a natural choice to engineer groundwater barriers in applications such as geological disposal of radioactive waste (Nagra, 2002; Posiva Oy, 2010; SKB, 2010) . For example, the planned design of a repository for spent nuclear fuel in Sweden, denoted as the KBS-3 V method, comprises excavations of deposition tunnels approximately 500 m below the ground surface in crystalline bedrock. Deposition holes would then be drilled in the tunnel floors, and the canisters containing spent nuclear fuel in each hole would be embedded using compacted bentonite blocks and pellets (SKB, 2010) . Bentonite is also considered as backfilling material for the deposition tunnels (SKB, 2010) . The general idea is to insert partially saturated bentonite which then seals the underground openings as it draws water from the rock around the deposition tunnels and holes, and swells. One uncertainty is the global wetting pattern and water uptake rate of the buffer blocks under different in situ conditions and how these are influenced by the local rock properties (e.g. deposition hole inflow, local fracture network geometry, transmissivity) (e.g. Dessirier et al., 2015; Åkesson et al., 2010) . Understanding flow interactions between the rock matrix, rock fractures and bentonite is an important component of accurate predictive modeling of water and air flows in the subsurface repository and fractured rock system (Dessirier et al., 2014) , with implications for inert and reactive transport Frampton, 2010, 2012; Frampton and Cvetkovic, 2007a ,b, 2009 beyond the local deposition holes.
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Recognition of this need to develop the understanding of the dynamics of in situ wetting of bentonite in natural rock cavities led to the Bentonite Rock Interaction Experiment (BRIE) .
BRIE was set up to observe and document the early evolution of compacted bentonite blocks in situ under isothermal conditions. It was conducted in an underground tunnel approximately 415 m below ground at the Äspö Hard Rock Laboratory (HRL) in southeastern Sweden. The characterization phase aimed at quantifying inflows into the BRIE tunnel, exploratory boreholes and deposition holes as well as describing the water-bearing fractures or zones responsible for those inflows . The wetting phase of the experiment took place in two deposition holes with radius R=15 cm and depths of 3.5 (Hole 17) and 3.0 m (Hole 18) from the tunnel floor. Instrumented bentonite blocks were put in place and left to saturate for 419 (Hole 17) and 518 days (Hole 18). After that, the rock surrounding the deposition holes and the bentonite parcels were extracted and transported to the laboratory for sampling and analysis . Dessirier et al. (2016) used the gathered characterization data to build alternative models of the BRIE site and experiment. The array of models in that study served as a basis for scenario analyses of factors that govern patterns and rates of bentonite wetting with objective to relate different factors measured prior to deposition, to the subsequent bentonite wetting. Those results suggested that in most cases, the wetting rate of the buffer as a whole was not as strongly related to the total open-hole inflow rates as to the distribution of inflow along the holes, which emphasized the importance of local scale heterogeneity in permeability, including the absence or presence of water bearing rock fractures, in the deposition hole vicinity. Furthermore, the results presented in Dessirier et al. (2016) indicate a bias of models using a homogeneous rock matrix and representing the local fractures as homogeneous plates towards a consistent overestimation of the bentonite wetting rate. It has indeed been shown that flow in rough fractures takes place in a few preferential pathways (Tsang and Neretnieks, 1998) . The absence of this flow channeling effect could explain the overestimation produced by homogenized models. However, the available characterization data, i.e transmissivity of borehole intervals and fracture mapping of rock cores, does not provide direct information on the channels intersecting the deposition holes and how to parametrize them within the models.
This study focuses on the interpretation of BRIE data on bentonite wetting and high-resolution water content patterns at, and close to, the surface of the bentonite parcel, which then may reflect expected critical heterogeneities in water transfer from the rock to the bentonite. More specifically, we considered the bottom meter of the bentonite parcel retrieved from one of the boreholes: BRIE Hole 18. After the surrounding rock had been prepared for extraction by stitchdrilling all around the deposition hole, the bentonite parcel could be extracted from the tunnel floor by pulling it in one piece, without significant damage to the bentonite surface. The retrieved bentonite parcel was then carefully wrapped in plastic for transport to the laboratory. Photographs of the surface of the bentonite were taken in the laboratory almost immediately after excavation (Fig. 1 ) before sampling. In the photographs the more water saturated (wet) regions appeared as relatively dark. This paper will first describe the image processing performed to combine the different photographs into a single gray-scale map of the bentonite surface. It will then explore the correlation between this map and the laboratory measurements of water content at the sample locations before it tries to leverage the observed correlation to arrive to a finer reconstruction of the water content profile. This map of water content is of great interest as it should provide information on the original number, location and transmissivity of intersecting flow channels in the rock. In addition, this final state of water content in the bentonite parcel together with time series of embedded humidity sensors, could also possibly indicate how flow channels might have been dynamically redistributed in time over the bentonite/rock interface when the buffer wetting was under way. This kind of dataset should help improve the flow models for the natural rock barrier and give better estimates of the operating conditions for the bentonite buffer, which could in turn help buffer design. The question we would like to answer in the present paper is whether it is possible and informative to combine the sampling data and the photographs of the bentonite parcel to obtain increased resolution of the water content profile on the bentonite surface at the end of the experiment. A detailed distribution of the water content at the bentonite surface in contact with the rock would greatly help to understand the impact of flow channeling and two-phase flow behavior in fractured crystalline rock under high suction, and subsequently to assess the hydraulic conditions imposed on engineered barrier system. Combining the rapid execution and wide coverage of photographs with accurate local sampling would appear as a costeffective technique to acquire such a fine scale distribution. To the extent of our knowledge, investigations related to the direct use of photographs in order to quantify the in situ water uptake of bentonite parcels in natural bedrock have not yet been published in scientific literature.
Data and methods
This section will first provide details on the two sources of data available on the cylindrical bentonite parcel: samples and dismantling photographs. We focus on the gravimetric water content w profile that developed in the bentonite parcel after exposure to
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groundwater through the host rock. Different methods used to process the photographs, and to reconstruct the water content field on the outer perimeter of the bentonite parcel will be introduced.
Dismantli6ng photographs and bentonite sampling scheme
A total of 24 pictures were taken at 3 different elevations to cover the height of the bentonite parcel and under 8 different angles to cover the whole perimeter of the parcel. For this paper, we made use of the 8 pictures covering the lowest meter or so of the bentonite parcel (Fig. 1) .
A total of 1195 samples were taken from the lower part of the bentonite parcel in Hole 18, of which 198 were taken from the surface of the parcel and previously adjacent to the rock wall. These surface samples were 3 cm wide and 1 cm thick. They were analyzed for gravimetric water content w and dry densityq d . Colored dots in Fig. 2 show the positions of the samples taken from the outer surface of the bentonite parcel and their measured water content. The reconstruction presented here focuses on the water content, since it is a direct measurement. A similar reconstruction was also performed for the liquid saturation S l . In order to calculate the saturation of the bentonite samples, first the porosity
V were computed assuming a constant particle density q p = 2780kg/m 3 and water density q w = 1000kg/m 3 . The results obtained for saturation will help discuss the sensitivity of the technique to the bentonite density.
For comparison, known intersecting rock fractures are also represented in Fig. 2 . These fractures were first identified during core mapping on exploratory boreholes (inner part of future deposition hole with a radius of 3.8 cm). The traces shown in Fig. 2 correspond to the adjusted estimates of the fracture positions obtained from optical imaging of the deposition hole wall by a method known as Borehole Image Processing System (BIPS) after the hole was enlarged to a radius of 15 cm . 
Image corrections and processing
The barrel distortion caused by the camera lens was deemed negligible after inspection of known straight lines in the photographs. To bring the photographs together it was necessary to correct for perspective and to unfold the cylindrical surface from the 2D picture. To this end, we used the visible horizontal discontinuities between bentonite blocks (Fig. 1 ) knowing that each block had a height of 10 cm (except block 2 with 5 cm).
If x and y denote the horizontal and vertical coordinates in the frame of reference of the picture, we consider ellipses parametrized as:
where x c and y c are the coordinates of the center, a and b the long and short semi-axes and 0 is the angle between the axes of the ellipse and the referential. We fitted half-ellipses to the discontinuities between the bottom plate and block 1, and the discontinuity between blocks 11 and 12. We then defined linear functions x c (y), y c (y), a(y), b(y) and 0(y) to create a family of ellipses that transitioned linearly from the bottom to the top fitted ellipses. If we then consider the rectangular unfolded surface of a halfcylinder cropped by a small angle 2a due to the finite distance between the camera and the bentonite parcel (Fig. 3) , and a point of normalized coordinates (X,Y ) ∈ [0,1] 2 to map back to the photograph: the Y coordinate gives us the half-ellipse on which the point to map was located in the picture through the previously defined linear functions, and the coordinate X gives the parameter h to get the exact point on this ellipse using the parametric Eq. (1). By using this mapping on gridded coordinates in the unfolded surface, for each photograph we filled in the value at each pixel to create a new image.
Once each photograph had been transformed into a fragment of the unfolded surface, it was positioned in a common frame of reference by using distinctive points and the overlap between neighboring fragments to obtain the complete unfolded surface. After each fragment had been positioned relative to the others, a panorama tool was used to correct the gray levels in the transition areas between fragments to obtain a continuous gray map and avoid sharp transitions between neighbors. The precedence was given to the central area of each fragment as these were subject to the same light exposure (the parcel was rotated to take the different shots with light conditions remaining consistent). The final product is shown in Fig. 2 along with the samples. One can visually observe a certain correlation between the darkest gray traces and the wettest samples (blue) which will be investigated in more details in Section 2.4. 
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Direct interpolation of measured samples
A reconstruction of the water content field, using only the samples, can also be obtained by inverse distance interpolation. The estimated water contentŵ at any point s 0 was determined by the following equations:
with w(s i ) the measured water content at sample location s i , n the number of samples and m an exponent that quantifies the range of influence of each sample (Fig. 4) . The direct interpolation of the samples gave a very smooth water content profile (Fig. 4) that contrasted with the visual inspection of the map assembled from the photographs of the bentonite parcel (Fig. 2, background) where sharp dark traces were visible. The dipping traces coincided in many instances with mapped fractures around the hole (Fig. 2) . Although no mechanistic relation was known to link the degree of darkness of the bentonite to its water content, the photographs seemed to contain fine scale information on the wetting process that even a tight sampling scheme could not capture for feasibility reasons. Fig. 5 shows a scatter plot of the water content calculated from measurements and the averaged gray value of the surrounding pixels at the sample locations. One could observe that a linear model fitted the data with a coefficient of determination R 2 = 0.39 and the null hypothesis of the slope of the regression being zero is rejected with a significance level well below 1%. We therefore proposed to use the linear regression to obtain a deterministic trend of water content and to model the deviation from the regression line, or residual, as a spatially correlated random function in a process known as regression-kriging, also called universal kriging or sometimes kriging with an external drift (Bivand et al., 2008) . Regression-kriging gives a prediction of the unknown quantity, here water content w, at unsampled locations s 0 assuming that this quantity can be decomposed as:
Image-sample correlation and regression kriging
where b 0 and b 1 are the mean and trend coefficients determined by a regression, p(s 0 ) is the predictor (here the gray scale pixel value) at the location s 0 and e(s 0 ) is the residual, a random space function (Bivand et al., 2008; Cressie, 1993) . Regression kriging requires the residual to honor stationarity, which we took here as a working hypothesis, assuming the trend to completely represent the nonstationarity of the transient wetting of the bentonite parcel. Fig. 6 shows the histogram and variogram of the residuals. The residual sample variogramĉ was calculated, assuming stationarity and isotropy, by the following formula:
where (s i ,s i + h) are sample pairs separated by the lag distance h pertaining to a distance intervalh j that contains a total of N h pairs (Fig. 6b) . The sample variogram was fitted by a power-law model c(h) = 0.00207 · h 0.559 . Under those assumptions, with n = 198 samples and p = 1 predictor, using the best unbiased linear estimator, the prediction at location s 0 could be expressed as:
where x(s 0 ) = (1 p(s 0 )) contains the predictor value at s 0 , Q is the design matrix of dimension n × (p + 1) whose rows are the x(s i ) vectors at the sample locations s i , V is the n × n covariance matrix of w(s) of general term vector v T V −1 and the residuals w(s) − Qb. The complete prediction w is presented in Fig. 7c . The software R and its packages sp, gstat and rgdal were used to perform the prediction (Bivand et al., 2008; Pebesma, 2004) . Regression-kriging also gives the prediction error variance or kriging variance s 2 (s 0 ) to represent the local quality of the prediction (Fig. 7d) . It is defined by:
where s 2 0 is the variance of the w process (Bivand et al., 2008) . There is no term associated to the extrapolation of the predictor since we use one that is defined at each point of the surface. The whole variance is then incumbent to the kriging term.
Results and discussion
The results in Fig. 7a show that the regression term accounts for short range variations of water content in the range 0.15 to 0.25 with clear elongated patterns where fracture traces had been charted (Fig. 2) . The kriging map of the residuals in Fig. 7b shows longer range variations of water content in the range−0.05 to 0.12. Regressionkriging gives an exact prediction at the sample locations but renders also the fine scale variation and features observed in the bentonite photographs (Fig. 7c) . As such it is considered to be a successful method to join the contributions of both data sources (photographs and laboratory samples) into a detailed reconstruction of the final wetting state of the bentonite surface in the field scale experiment. This distributed map of the water content at the surface of the bentonite would be a great asset to derive the distribution of inflows from the rock to the bentonite during the experiment which would give a realistic picture of the hydraulic behavior of sparsely fractured crystalline rock in contact with compacted bentonite barriers. Such derivation of the inflow distribution could likely be achieved by inverse modeling using the present surface water content map as a calibration target along with measurements on samples from the interior of the bentonite blocks, the weight of the retrieved individual blocks and time series from the sensors installed in some bentonite blocks.
It should be noted that the incorporation of photographs in the interpolation process gave a very successful outcome despite the opportunistic nature of the photo-documentation procedure that was not originally intended to provide quantitative data. The hypothesized relationship between bentonite water content and gray scale should first be assessed under controlled conditions in the laboratory. Optimizing the photo-acquisition and processing could bring significant improvements to the technique. The spread away from the regression line, here modeled as spatially correlated residuals, can indeed be explained by multiple factors:
1. differences in the scale of sample measurement (∼ 3 × 3 × 1cm 3 ) and photographic resolution (∼ mm, superficial), 2. biases introduced by the lighting and the photographing process, 3. errors in the mapping of pictures to fragments, 4. errors in the positioning of the fragments, 5. errors introduced by the panorama leveling to ensure a continuous transition between fragments and 6. error introduced by the chosen regression model, here linear.
It is interesting to note that the coefficient of determination R 2 was higher for gray values and liquid saturation (R 2 = 0.48) than with water content (R 2 = 0.39). Gray values show no linear correlation with dry density. It seems thus that the photographs were more sensitive to the saturation degree than to density variations in the bentonite. This phenomenon could be investigated further in a controlled laboratory setting, as previously mentioned, to assess the power of the correlations under optimal conditions and ascertain the regression model (point 6). Regarding the choice of the regression model, the linear model was chosen for simplicity. One could as easily conjecture an alternative regression model of the form w = a · p b + c with b =1 for example, however the increase in variance for the lower range of pixel gray values ( <100, Fig. 5 ) made it difficult to fit an optimal exponent value. Mitigating the noise in the data, by improving points 1-5 would take precedence over debating that modeling choice at this point.
Another explanation related to the disparity between volumetric samples and superficial optical measurements (point 1) was that some cooling water used for core-drilling during dismantling might have found its way to the bentonite surface, thus potentially increasing the water content on and near the surface of the bentonite (and its gray value). If this phenomenon happened, owing to the very short exposure time and shallow penetration depths of increased moisture content, it could have impacted the gray values at the bentonite surface but would have less likely affected the sample values. This explanation can thus be supported by the fact that the positive residuals (Fig. 7b, blue) seem to correspond to areas of high water content where the radial gradient of water content is high as well (largest circles), signs of a significant wetting process throughout the BRIE experiment. In parallel, the areas of negative residuals are characterized by low water content and low water content gradient towards the central part of the bentonite parcel (Fig. 7b, red and smallest circles), signs of a negligible wetting during BRIE and a potential superficial disturbance at dismantling. Such rapid wetting would influence preferentially the surface areas that were the driest and would explain why the regression to gray scale generally overestimates the water content of dry surface samples and underestimates the water content of relatively wet samples. Such a correlation of residuals with the final water contents and gradients could also result from the choice made of a linear regression model (point 6).
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In conclusion, the relationship between water content and grayness in bentonite should be investigated in laboratory conditions. Most of the listed sources of error could be substantially reduced by considering alternative dismantling and sampling techniques (point 1) or by developing a consistent scanning technique (points 2-5), which could indirectly help improve the regression model (point 6). Another improvement could consist in using the three RGB values of the photographs as three different predictors instead of the conversion of the photographs to gray scale as a single predictor. Beyond the use of visible light, other spectral bands more sensitive to moisture content could be used to excite and image the bentonite, as it is done for remote sensing of soil moisture (e.g. Hain et al., 2011; Prigent et al., 2005) . Another source of information could come from optical, acoustic and electrical borehole imaging to detect rock anomalies and use criteria such as the distance to known anomalies in the rock as predictors.
Inverse distance weighting (IDW2) and regression-kriging (RK) gave predictions with very different textures (Figs. 4 and 7c) . To compare them, we performed a standard cross-validation test (Bivand et al., 2008; Cressie, 1993; Hengl et al., 2004) . Each sample value was compared to the predicted value obtained if that sample had been left out, and a root mean square prediction error (RMSE) was computed. The resulting RMSE for the IDW2 method and RK method showed almost identical values with 0.016 and 0.015 respectively. However note that this cross-validation only tested the modeled error on the heavily sampled lines followed by the sampling scheme. Another, more meaningful, point of comparison was the univariate statistics of the two predictions, e.g. their respective cumulative distribution functions. One can observe that the two predictions agree as to the median water content but that the IDW2 method predicts less extreme values than the RK method (Fig. 8) . By comparing the textures of the two predictions (Figs. 4 and 7c ) one can oppose a very smooth field with a rather long isotropic correlation range to a set of rather thin elongated features. Some of these features corresponded directly to mapped fractures, e.g the sine-shape trace between z = 0.4 and 0.8 m (Fig. 2) . The photo-documentation however showed more dark features than identified during deposition hole characterization. There was for example a source of uncertainty as to the nature of the vertical features observed on the photographs that stemmed from the technique used to install and dismantle the bentonite parcel. At installation, the cylindrical parcel was set ARTICLE IN PRESS up with an initial 1 mm gap which was later rapidly filled with water from the top to provoke an initial swelling and close the gap ). The vertical features could then either correspond to induced fractures, permeability redistribution due to stress effects, preferential wetting during installation or dismantling (from core drilling of boreholes).
Conclusion
This paper studied the water content profile at the surface of a bentonite parcel retrieved after in situ wetting in fractured crystalline bedrock. It showed that by using regression-kriging it is possible to quantitatively merge and combine information from highresolution photographs of the cylindrical bentonite parcel where wet areas appear as relatively dark, along with bentonite samples that could not be taken at a sufficiently high resolution to necessarily preserve the full heterogeneity in the pattern of wetting, but in which the absolute water content could be accurately determined. The resulting reconstruction is both exact regarding local sample measurements and successful to reproduce features such as intersecting rock fracture traces, visible in the photographs. It is shown to be more realistic than adopting inverse distance weighted interpolation of measured samples alone.
A quantitative correlation between "postmortem" sample analyses of water content and the image gives confidence that much of the character seen in the images derives from heterogeneous wetting, although other processes related to the opportunistic nature of the photo-documentation (e.g. limited ability to control lighting and image registration) and possible alterations of the wetting on the surface during extraction of the bentonite from the deposition hole are also relevant. A set of controlled laboratory experiments should be undertaken to assert the hypothesized relationship between the gray-scale and water content of compacted bentonite and to investigate the best function shapes to relate the two quantities. An improved scanning procedure could reduce the errors introduced by the geometrical transformations needed to unfold and stitch the different photographs into a single gray scale map of the bentonite surface. Similarly controlled lighting and exposure could improve the accuracy of the method.
The images demonstrate important features of the wetting processes occurring during the experiment that would not be discernible from the postmortem sampling alone (despite the high number of samples taken). Natural fractures (identified in core and borehole images) generally seem to correspond to fine-scale wetting features on the surface of the bentonite. In addition axial and other features undetected during deposition hole characterization are clearly seen in the photographs. Many of the features within the image are diagnostic of flow processes at the rock/bentonite interface and detailed models of heterogeneous wetting can use features extracted from the images to condition local-scale rock models aimed at better understanding of the early evolution of water content within the bentonite.
